Introduction
============

Surfactants are surface active agents that can reduce surface and interfacial tensions between two liquids. Biosurfactants are of biological origin and commonly produced by microorganisms ([@B04]).

Synthetic surfactants cause environmental problems due to their toxicity and are resistant to biodegradation in ecosystem. There is a recent increase in interest for the production of biosurfactants due to their biodegradability, reduced toxicity, selectivity and specific activity at extreme conditions such as temperatures, pH, salinity, etc. ([@B02]; [@B21]; [@B15]).

Biosurfactants have several applications in petroleum industry, such as microbial enhanced oil recovery, cleaning of oil tankers, and transportation of crude oil. In addition, they have a potential to be used in a variety of industries like cosmetics, pharmaceuticals, food preservatives, and detergents ([@B06]). In recent years, the studies directed to improve the production has increased to meet growing needs of raw material in many areas where biosurfactants can be used. Rhamnolipid is a biosurfactant produced by *Pseudomonas aeruginosa* and has a strong potential to be used in industries and bioremediation ([@B19]).

Although interest for biosurfactants is increasing, they are not economically competitive with their synthetic counterparts. High production costs can be accepted only for biosurfactants used in low-volume, and in high priced products such as cosmetics and medicines. Nevertheless, biosurfactants can be produced with high yield by some microorganisms especially *Pseudomonas* spp. utilizing various renewal resources and industrial wastes. Obtaining maximum yield with a low cost substrate is significantly important in biotechnological processes ([@B13]).

Primarily, the amounts of the produced microbial surfactants depend on to the producer organism and factors like carbon and nitrogen sources, trace elements, and production conditions ([@B17]). In the literature, there are studies focusing rhamnolipid production using different carbon sources ([@B24]; [@B05]; [@B01]; [@B20]; [@B23]).

From this point of view, we aimed to isolate highly productive rhamnolipid producer *P. aeruginosa* strains by taking multiple samples from different regions in Turkey and also tried to increase the rhamnolipid production by these strains by formulating media using kefir and fish meal.

Materials and Methods
=====================

Bacterial cultures and identification
-------------------------------------

*P. aeruginosa* strains were isolated from water and soil samples from 26 different regions in Turkey. Nine strains were found to produce rhamnolipid. The most efficient rhamnolipid producing three strains (H1, SY1, and ST1) were selected for further studies on the basis of maximum rhamnolipid yield on a media consisting kefir and fish meal. In addition, *P. aeruginosa* ATCC 9027 was included in this study as a control. *P. aeruginosa* H1 and SY1 strains were isolated from soil samples contaminated with waste of olive oil factory. *P. aeruginosa ST1* strain was isolated from soil sample contaminated with waste of fish oil factory.

In order to isolate microorganisms, 1 g of soil sample was inoculated in the tubes containing 9 mL of nutrient broth. Inoculated tubes were incubated at 37 °C for 24 h. 0.1 mL from enrichment tube was placed on Cetrimide agar and incubated at 37 °C for 24 h. Pigment production in bacteria was examined; and bacteria that produced blue-green or yellow-green pigments were separated for identification with conventional methods (morphologically and biochemically), and API 20NE kits were used for verifying of the results.

Media and culture conditions for rhamnolipid production
-------------------------------------------------------

The production of rhamnolipid by the strains was determined by using MSM, recommended by [@B25]. The following components (g/L) were used for the growth of the isolates; NaNO~3~ 4.0, NaCl 1.0, KCl 1.0, CaCl~2~.2H~2~O 0.1, KH~2~PO~4~ 3.0, Na~2~HPO~4~.12H~2~O 3.0, MgSO~4~ 2.0, FeSO~4~.7H~2~O 0.001. A stock solution of trace elements was composed of (g/L): FeCl~3~.6H~2~O 0.08, ZnSO~4~.7H~2~O 0.75, CoCl~2~.6H~2~O 0.08, CuSO~4~.5H~2~O 0.075, MnSO~4~.H~2~O 0.75, H~3~BO~3~ 0.15, Na~2~MoO~4~.2H~2~O 0.05. The initial pH was adjusted to 6.8. The strains were activated twice in nutrient broth, and then bacterial suspensions were adjusted to McFarland 2. Finally, they were inoculated into MSM at the ratio of 1/20. Bacterial cultivation was performed in 500 mL flask containing 200 mL medium at 35 °C, stirred in an orbital rotary shaker (STIR) at 150 rpm for 7 days.

### Medium with kefir

The ingredients (%) of the kefir used in the medium were as follows (%): water 88--89, lactic acid 0.8--0.9, ethyl alcohol 0.6--1.1, lactose 1.7--2.7, casein 2.5--2.9, minerals 0.6--0.8, albumin 0.1--0.3, oil 2.8--3.3. Firstly, kefir was filtered with a filter paper, and diluted two-fold by phosphate buffer. This solution was enhanced by 0.5 g NaCl and 1 mL trace element solution, and autoclaved at 121 °C for 15 min. Bacterial suspension was added into this medium and incubated in an orbital rotary shaker (STIR) at 150 rpm for 7 days.

### Fish meal medium

Fish meal used in medium was obtained from a fish oil factory in Turkey. The composition of the fish meal used in the medium was as follows (%): crude material 91.7, moisture 8.3, crude protein 65.3, crude fat 8.9, crude ash 14.2, glycine 5.09, histidine 2.0, isoleucine 3.33, leucine 5.48, lysine 5.69, methionine 2.19, phenylalanine 3.15, threonine 3.30, tyrosine 2.38, and valine 4.04. The medium was prepared by adding three-fold water and keeping it at 4 °C for overnight. Next day, it was filtered, and filtrate was enhanced by adding 0.5 g NaCl and 1 mL trace element solution and then autoclaved at 121 °C for 15 min.

Purification of rhamnolipid
---------------------------

After 7 days of incubation period, pH was adjusted to 8.0 (using 10 M NaOH), and biomass was removed by centrifugation for 20 min at 9,000 × *g*. The pH of supernatant was adjusted to 2 (using 6 M H~2~SO~4~), and it was kept overnight at 4 °C. Next day equal volume of chloroform-methanol (2:1) mixture was added. The resultant suspension was shaken for 10 min in rotary shaker and organic phase was removed. The extraction process was repeated one more time. The obtained rhamnolipid was concentrated from pooled organic phases by using a rotary evaporator (Heidolph, Laborota 4000), the product was dissolved in analytical grade methanol and filtered (Sterivex-GV, 0.22 mm; Millipore, Bedford, MA, USA) for spectrophotometric analysis ([@B14]).

Characterization of rhamnolipid
-------------------------------

### Thin layer chromatography (TLC)

The extracted rhamnolipids were dissolved in chloroform-methanol (9:1). 2 μL of the sample was applied onto TLC plates (Merck) with chloroform: methanol: acetic acid (65:15:2) solution as the developing solvent. The TLC plates were dipped in 15% H~2~SO~4~ in ethanol and incubated at 100 °C. Appearance of brown dot was considered as presence of glycolipids.

UV spectrophotometric analysis
------------------------------

Rhamnolipid concentration was determined according to [@B08] by the colorimetric phenol-sulfuric acid method at 480 nm by using a Shimadzu 1601 PC double beam spectrophotometer equipped with 1.0 cm quartz cells with a fixed slit width (2 nm). Stock solutions of 1 mg/mL of the L-rhamnose was prepared in bidistilled water. Standard solutions were prepared by serial dilution to contain the concentration required for the calibration curves. The rhamnolipid concentration was calculated from a standard curve prepared with L-rhamnose (Difco, USA). The measurements were carried out by additing 5 mL of concentrated sulfuric acid and 50 μL of 80% phenol into these solutions prepared. Calibration curve was formed with obtained absorbance values and used for determination of rhamnolipid amounts. Purified product obtained after evaporation was dissolved in methanol and filtered with 0.22 μm Millipore filter to quantify rhamnolipid. 2 mL of the sample, 50 μL of 80% phenol, 2.95 mL distilled water and 5 mL H~2~SO~4~ was added slowly, after cooling, OD was taken using a UV spectrophotometer at 480 nm.

Effects of different parameters on rhamnolipid production
---------------------------------------------------------

### UV light effects on rhamnolipid production

In order to investigate UV light effects on rhamnolipid production, inoculum suspension of *P. aeruginosa* ATCC 9027 strain was prepared according to McFarland 2 density. 20 μL of this suspension was added and spread on Mueller Hinton Agar (Merck, Germany) medium in Petri dishes, and then was exposed to UV rays for 60, 75, 90, 105 and 120 s. The source of UV radiation was fluorescent lights (Philips, 20 W/C) with an emission spectrum of 250--370 nm and a peak at 254 nm. The distance between the lamp and applied surfaces was 30 cm in all tests. After UV exposure for the desired duration, all samples were incubated at 37 °C until microbial growth was seen in positive control medium. The Petri dishes were examined after incubation. Bacterial suspensions were prepared according to McFarland 2, from colonies obtained from these Petri dishes after UV light exposure. These suspensions were added (ratio of 1/20) to MSM and incubated at 150 rpm for 7 days. At the end of the incubation, rhamnolipid concentrations were determined.

### Consecutive incubation effects on rhamnolipid production

In order to investigate the effects of consecutive incubation, *P. aeruginosa* ATCC 9027 strain was incubated in MSM for 7 days, then transferred into nutrient broth and incubated overnight. Next day, bacterial suspension was prepared from fresh culture, added into MSM and incubated for 7 days. The process was repeated 4 times. After each incubation period, the amount of rhamnolipid was determined.

Statistical analyses
--------------------

Results were average of at least three independent measurements. Statistical significance was assessed by one way ANOVA using SPSS for Windows (Version 17.0) packet program. The level of significance was defined at p \< 0.05.

Results
=======

Bacteria that produced blue-green or yellow-green pigment in cetrimide agar were identified according to Bergey's Manual of Systematic Bacteriology based on the morphological, and biochemical characteristic. API 20NE kits were used for verification of results.

Nine isolates were determined as rhamnolipid producer*.* Additionally *P. aeruginosa* ATCC 9027 which has been known as rhamnolipid producer was also included.

The TLC results are shown in [Figure 1](#f01){ref-type="fig"}. All strains produced spots on TLC plates, indicating that strains could produce glycolipids.

![Identification of glycolipids by TLC. The arrows indicate brown dot blots of glycolipds](1678-4405-bjm-46-3-855-gf01){#f01}

Initially rhamnolipid production was observed in MSM. The obtained rhamnolipid concentrations are given in [Table 1](#t01){ref-type="table"}.

###### Rhamnolipid concentrations in MSM

  Name                             D1    A1    H1    BT1   S1    SS1   ST1   SY1   SD1   ATCC
  -------------------------------- ----- ----- ----- ----- ----- ----- ----- ----- ----- ------
  Rhamnolipid concentration(g/L)   1.2   1.2   1.0   1.7   1.6   1.7   3.6   1.7   0.9   1.5

Three strains (H1, ST1, and SY1) with the maximum yield and ATCC 9027 were selected for further studies. The rhamnolipid concentrations in media and increased rhamnolipid yield in kefir and fish meal are given in [Table 2](#t02){ref-type="table"} and [3](#t03){ref-type="table"}.

###### The rhamnolipid concentrations in kefir and MSM

  Strains   Kefir (g/L)   MSM (g/L)
  --------- ------------- ------------
  ATCC      11.7 ± 0.8    1.5 ± 0.04
  H1        10.8 ± 0.6    1.0 ± 0.1
  SY1       3.2 ± 0.8     1.7 ± 0.1

###### The rhamnolipid concentrations in fish meal and MSM

  Strains   Fish meal (g/L)   MSM (g/L)
  --------- ----------------- ------------
  ATCC      12.3 ± 1.3        1.5 ± 0.04
  ST1       9.3 ± 0.2         3.6 ± 0.03
  SY1       10.3 ± 0.5        1.7 ± 0.1

The obtained rhamnolipid concentrations at 60, 75, 105, 115, and 120 s after exposure to UV rays were 1680, 1661, 1337, 1403, 1370 mg/mL, respectively.

The results showed no increase in rhamnolipid concentrations by exposing *P. aeruginosa* ATCC 9027 to UV rays; contrary, a decrease in concentration was observed depending on the increasing time. No change was observed in rhamnolipid concentrations in *P. aeruginosa* ATCC 9027 strain when exposed UV rays sequentially during the incubation period.

Discussion
==========

The success of biosurfactant production depends on producer microorganisms, development process, and raw materials. In this study, our first aim was to isolate *Pseudomonas aeruginosa* strains with high rhamnolipid yields. For this purpose, water and soil samples were collected from 26 different places in Turkey. It is known that *P. aeruginosa* strains produce better rhamnolipid in oily environments; therefore, we preferred samples from oily areas contaminated with factory wastes. Our results established that the isolated strains have good rhamnolipid yield compared to those reported elsewhere, in terms of the amounts, we achieved in MSM ([@B19]; [@B09]).

The quality and quantity of biosurfactant are influenced by carbon and nitrogen substrates, the concentration of elements in medium, culture conditions, such as pH, temperature, and agitation, dilution rate in culture in addition to the microorganisms. In this study, the optimum culture conditions were determined as pH 6.8, temperature 35 °C, agitation rate 150 rpm, and incubation time 7 days, considering previous studies about biosurfactant production by *P. aeruginosa* ([@B03]; [@B16]; [@B22]; [@B09]).

In present study, kefir, which is a fermented milk drink containing lactose, casein, albumin, fat and good amounts of elements like calcium, magnesium, phosphorus, fluorine and selenium, was used to increase the production of rhamnolipids. In literature survey, addition of magnesium, calcium, potassium, sodium salts and trace elements to media has been reported to improve rhamnolipid production in *P. aeruginosa*. Kefir was used in this work due to its rich contents. The amount of rhamnolipids in ATCC, H1 and SY1 strains were determined as 11.7, 10.8, 3.2 g/L, respectively, in kefir medium. Especially the yields in ATCC (p = 0.003) and ST1 (p = 0.000) strains in kefir were statistically higher than compared to those in MSM. To the best of our knowledge, there is no study related with use of kefir in rhamnolipid production; however, whey which has high protein, lactose and fat content similar to kefir, has been used ([@B07]). This study was conducted on *P. aeruginosa* BS2 strain and the obtained rhamnolipid amount was 0.92 g/L. In another study from Turkey, [@B10] reported 0.48 g/L rhamnolipid with *P. aeruginosa*DSM 50071 strain. Rhamnolipid quantities obtained in the mentioned studies were not compared those could have been obtained in a basic medium like MSM. The main point, in these studies, was that whey can be used for rhamnolipid production. The results, obtained from above studies using two different strains are compared in the present work, the amounts of rhamnolipids are much higher than those produced in medium consisting kefir filtrate. Kefir is more expensive than whey, however, high production costs can be accepted for biosurfactants used in low-volume and high priced products such as cosmetics and pharmaceuticals ([@B12]).

The other raw material used to increase rhamnolipid production is fish meal, which is produced from fish and bones and offal of processed fish. Fish meal is known for its high protein and mineral content, which make it useful as animal feed additive. In our study, the obtained rhamnolipid amounts were 12.3, 10.3 and 9.3 g/L with ATCC, SY1 and ST1 strains, respectively, in fish meal medium. All values were found statistically significant in fish meal and p-values were 0.002, 0.001 and 0.000 for ATCC, SY1 and ST1 strains, respectively.

In literature survey, we found no study using fish meal, but found two using fish oil. [@B11], while studying *P. aeruginosa* BYK-2 KCTC 18012P strain, used fish oil (25 g/L) as carbon source. Different from the present work, they also used fed-batch fermentation method and achieved 17 g/L rhamnolipid. On the other hand, [@B18]used soybean- and fish oil in their study. They added 40 g/L of each oil in the basal medium and reported 0.94 g/L rhamnose production in soybean oil but noted less amount of rhamnose in fish oil.

In the present work, rhamnolipid amounts for all the three strains were found statistically higher in fish meal medium compared to MSM. The results showed that fish meal can be a suitable source because of its high yield and lower cost.

In addition, two more parameters, exposure to UV radiation and successive incubation, to enhance rhamnolipid production were also investigated. After culturing from colonies, there was no difference between rhamnolipid amounts obtained from strain exposed to UV radiation and the unexposed control. ATCC 9027 strain was incubated for four periods, each of 7 days, and rhamnolipid quantities were determined at each period. There was no statistically significant difference between the amounts of rhamnolipids obtained after each period.

In conclusion, considering the rhamnolipid amounts, obtained in the modified media, kefir and fish meal can be considered as important additives to increase rhamnolipid yield. Especially, fish meal, for being produced from unprocessed fish waste and low cost, can be a more suitable source for rhamnolipid production.
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